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Abstract
Aims: The effect of feeding dried distillers grains with solubles (DDGS) or
reduced-fat DDGS (RFDG) on ruminal methanogenesis and the rumen
bacterial community of dairy cattle was evaluated.
Methods and Results: Treatments were CONT, a diet with no distillers grains;
DG, inclusion of 20% DDGS; rfDG, inclusion of 20% RFDG; and MIX,
inclusion of 10% DDGS and 10% RFDG. Methane emission was measured;
rumen bacterial community was evaluated by sequencing the V4 region of the
16S rRNA gene. Total methane production remained unaffected. However,
feeding distillers grains tended to reduce methanogenesis per unit of feed
intake, decreased the abundance of the phylum Bacteroidetes and tended to
increase Firmicutes. The abundance of Prevotellaceae positively correlated with
feed intake; methane emission was positively correlated with the abundance of
Prevotellaceae and was negatively correlated with the abundance of
Succinivibrionaceae.
Conclusions: DDGS or RFDG may reduce methanogenesis per unit of feed
intake; shifts in the abundance of predominant ruminal bacterial families may
influence methane formation, likely because of their role on hydrogen
liberation and utilization pathways.
Significance and Impact of the Study: Replacing corn and soybean meal with
DDGS or RFDG in dairy rations may reduce the proportion of dietary energy
wasted as methane, without detrimental effects on the overall bacterial
population.

Introduction
The supply of corn milling by-products such as dried distillers grains with solubles (DDGS, a feedstuff that contains approx. 12% fat) from the ethanol industry has
increased (Klopfenstein et al. 2008). More recently, the
corn milling industry is partially removing the oil from
the solubles stream by centrifugation and solvent extraction (Majoni et al. 2011) and the resulting by-product is
commonly referred to as reduced-fat DDGS (RFDG)
(Mjoun et al. 2010a) that contains approx. 55% fat. Both
DDGS and RFDG have been shown to effectively support

lactation performance (Janicek et al. 2008; Mjoun et al.
2010b). Studies have also suggested that feeding DDGS
may reduce methane production in ruminants possibly
due to toxic effects of dietary fat on micro-organisms
contributing to methane production (H€
unerberg et al.
2013). Unfortunately, studies including the evaluation of
these by-products on methane emission and the rumen
microbiome using high-throughput DNA sequencing are
limited. Thus, this research gap remains largely unknown;
however, it can now be addressed using sequencing and
bioinformatic analysis of the 16S rRNA gene to evaluate
the rumen microbial community (Krause et al. 2013;
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Chaucheyras-Durand and Ossa 2014), which provides
new insights into variations occurring at each taxonomical level of the microbial population of the rumen due to
dietary manipulations (Aldai et al. 2012; Thoetkiattikul
et al. 2013; Castillo-Lopez et al. 2014a).
The ruminal microbial population plays a special role
on production performance (Myer et al. 2015), fermentation end-products (Fernando et al. 2010; Anderson et al.
2016), ruminal pH and the extent of ruminal digestibility
and fermentation efficiency (Mackie and Gilchrist 1979;
Callaway et al. 2010), metabolizable protein supply (Castillo-Lopez et al. 2013) and milk composition in dairy
cattle (Jami et al. 2014). Nonetheless, ruminal microorganisms contribute to methane formation. Methane
emissions of enteric origin have nutritional and environmental impacts (Moss et al. 2000). For example, methane
possesses strong greenhouse effects (H€
unerberg et al.
2013), and may represent between 5 to 7% of dietary
energy loss in the ruminant (Hristov et al. 2013).
Ruminal methane formation requires carbon dioxide
and hydrogen (Danielsson et al. 2017). Thus, dietary
approaches designed to mitigate ruminal methanogenesis
can be evaluated not only in terms of their efficacy for
inhibiting methanogens, belonging to the archaeal population, but also their effects on the broad bacterial population; especially major bacterial taxa that are associated
with hydrogen liberation and utilization pathways. Therefore, improving our understanding not only on the efficacy of methods to decrease methane emissions, but also
on potential detrimental effects on nutrient digestion and
animal production performance, where bacteria play a
crucial role. Many dietary intervention strategies have
been explored to mitigate methane emissions, which
include the use of inhibitors, electron acceptors, ionophores, inclusion of grain over fibrous feed, defaunation
of protozoa (Hristov et al. 2013), inhibition of ruminal
micro-organisms with dietary tannins (Khiaosa-ard et al.
2015), or the use of 3-nitrooxypropanol, a compound
designed to inhibit the activity of the enzyme responsible
for formation of methane (Duval and Kindermann 2012).
These strategies have resulted in various degrees of efficacy. However, further research is required to evaluate
effects on the rumen bacterial community structure using
high-throughput DNA sequencing (Danielsson et al.
2017), and to evaluate how shifts in the community composition may potentially be associated with methane
emissions.
Therefore, the objective of this study was to evaluate
the inclusion of DDGS and RFDG in diets fed to dairy
cattle on enteric methane production and the ruminal
bacterial community using Illumina DNA sequencing,
and to evaluate potential associations between shifts in
the bacterial community and methane emission. The
1382
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hypothesis of this experiment was that cows consuming
diets with DDGS will produce less methane than those
consuming diets with no DDGS or with RFDG because
the inclusion of DDGS shifts the ruminal bacterial community structure, more specially affecting those microorganisms that directly or indirectly contribute to
methane formation.
Materials and methods
This experiment was conducted at the Metabolism
Research and Teaching facility of the Animal Science
Department of University of Nebraska-Lincoln and was
performed in accordance with Departmental guidelines.
The protocols followed during this experiment were
preapproved by the University of Nebraska-Lincoln Animal Care and Use Committee before the initiation of the
study.
Experimental design and dietary treatments
Four multiparous, in mid-lactation Holstein cows (mean
days in milk 935  222, mean body weight (BW)
6573  8735 kg) were used in a 4 9 4 Latin square
experimental design. These cows were fitted with permanent ruminal cannulae in order to facilitate sampling of
representative whole ruminal digesta. At the initiation of
the experiment, BW of cows was recorded. Each experimental period lasted 28 days to provide enough time for
animal adaptation to treatments evaluated.
Treatments were formulated with the CPM-Dairy
Model (ver. 3.0.8.1). Each total mixed ration was prepared using a small-batch mixing cart (Data Ranger,
American Calan, Northwood, NH). Treatments (DM
basis) were (i) CONT, a control diet that contained no
distillers grains; (ii) DG, inclusion of 20% DDGS; (iii)
rfDG, inclusion of 20% RFDG (Poet Nutrition, Sioux
Falls, SD) and (iv) MIX, inclusion of 10% DDGS and
10% RFDG. In treatments DG, rfDG and MIX, distillers
grains and solubles were included in replace of corn grain
and soybean meal.
Animal care and housing
Cows were housed in individual tie-stalls with continuous
access to water and feed. Wood shavings were used for
bedding, and were replaced on a daily basis. Cows were
individually fed once daily at 0930 to allow for approx.
5% refusals. A control concentrate mix, a DG-concentrate
mix and an rfDG-concentrate mix were prepared. Individual feed intake was recorded daily during the experiment. Feed orts were collected and weighed daily to
estimate intake for individual cows. In addition, cows
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were milked at 0700 and 1800 using individual DELPROTM 480 DeLaval portable milking units through a
pipeline system (DeLaval International AB, Tumba, Sweden). Milk samples were taken on the AM and p.m. milkings of day 24 through 26 for analysis of chemical
composition. Because this experiment was designed to
evaluate methane emission and the ruminal bacterial
community, data on milk production were recorded primarily to provide information on animal management
and the physiological state of cows used.
Feed sampling and analysis
Samples of corn silage, alfalfa hay, brome hay, each concentrate mix, DDGS, RFDG and each TMR were collected
on day 27 and 28 of each experimental period; these samples were then pooled within period and stored at 20°C
until analysis. In addition, corn silage samples were collected twice a week for DM analysis. To do so, samples
were dried in a forced-air oven for 48 h at 60°C. These
results were then used for adjusting proper inclusion of
ingredients in each treatment. Dried feed ingredients and
orts were then ground to pass through a 1-mm screen
(Willey mill, Arthur H. Thomas Co., Philadelphia, PA)
and analysed for chemical composition by an external
laboratory (Cumberland Valley Analytical Services,
Hagerstown, MD), which included dry matter (method
no. 93015; AOAC 2000), Nitrogen (method no. 99003;
Leco FP-528 Nitrogen Combustion Analyser, Leco Corp.
St. Joseph, MI), neutral detergent fibre (Van Soest et al.
1991), starch (Hall 2009), crude fat using diethyl ether
(method no. 200305; AOAC 2006) and ash (method no.
94205; AOAC 2000). The nutrient composition of total
mixed rations (Table 1) was calculated based on chemical
analysis of individual ingredients (Table S1) and the rate
of inclusion in the corresponding diet. This method of
reporting chemical composition of dairy diets is highly
recommended, because when sampling total mixed
rations for analysis of chemical composition results may
be affected by sampling variation (Weiss et al. 2016).
Measurement of methane emissions
Methane emissions were measured through indirect
calorimetry using headboxes (Foth et al. 2015). Prior to
collections, three headboxes were used to test the rate of
recovery of gas by burning 100% ethyl alcohol in the
sealed headbox and comparing this measure to calculated
gas concentrations. These calculations were based on
weight of alcohol burned and a measured volume of gas
sample. Cows were acclimated to the headboxes before
the initiation of the collection. Methane collections consisted of two consecutive, 23-h periods on day 27 and 28
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Table 1 Ingredient and chemical composition of diets including conventional distillers grains with solubles or reduced-fat distillers grains
with solubles fed to lactating Holstein cows. Chemical composition is
based on analysis of individual ingredients and the rate of inclusion
Treatments
Item
Ingredient, % DM
Corn silage
Corn grain
Alfalfa hay
Soybean meal
Soybean hulls
Grass hay
SoyPass*
Limestone
Blood meal
Sodium bicarbonate
Megalac
Dicalcium phosphate
Magnesium oxide
Salt
Trace premix†
Vitamin premix‡
DDGS
RFDG
Chemical composition, % DM
Crude protein
Neutral detergent fibre
Starch
Nonfibre carbohydrates
Crude fat
Ash
Sulphur
Metabolizable energy§, Mcal kg1

CONT

DG

rfDG

MIX

317
218
130
100
88
60
47
11
07
06
06
06
02
02
01
01
00
00

317
102
130
30
88
60
40
11
00
06
06
06
02
02
01
01
200
00

317
102
130
30
88
60
40
11
00
06
06
06
02
02
01
01
00
200

317
102
130
30
88
60
40
11
00
06
06
06
02
02
01
01
100
100

166
341
272
386
27
80
020
264

171
381
214
331
39
77
025
255

171
379
213
334
33
83
030
251

171
380
213
336
36
80
027
253

CONT: a diet with no distillers grains; DG: inclusion of 20% conventional dried distillers grains with solubles (DDGS); rfDG: inclusion of
20% reduced-fat dried distillers grains with solubles (RFDG); MIX:
inclusion of 10% DDGS and 10% RFDG (Poet nutrition, Sioux Falls
City South Dakota).
*LignoTech, Overland Park, KS.
†Contained 139% Ca, 003% P, 042% Mg, 020% K, 420% S,
008% Na, 003% Cl, 445 mg kg1 Fe, 60,021 mg kg1 Zn,
17,375 mg kg1 Cu, 43,470 mg kg1 Mn, 287 mg kg1 Se,
527 mg kg1 Co, and 870 mg kg1 I.
‡Formulated to supply approx. 1 20 000 IU per day vitamin A,
24 000 IU per day of vitamin D, and 800 IU per day of Vitamin E in
total ration.
Analysed by Cumberland Valley Analytical Services, Hagerstown, MD.
§According to the CMP Dairy Ration Analyser v3.0.8.1.

of each experimental period. Gas concentrations were
averaged for each interval. Feed offered continued to be
recorded and adjusted throughout all collections, with
the goal of ad libitum access. Cows and feed were placed
in the headboxes at approx. 0900 h and the doors were
closed and vacuum motor turned on for 15 min before
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collections commenced to allow for air equilibration.
Temperature and dew point within the box were
recorded every minute using a probe (Model TRH-100,
Pace Scientific Inc., Moorse-ville, NC) connected to a
data logger (Model XR440, Pace Scientific Inc.). Line
pressure was measured from a manometer (Item # 1221–
8, United Instruments, Westbury, NY), and barometric
pressure of the room was recorded using a barometer
(Chaney Instruments Co., Lake Geneva, WI).
Total volume of gas was measured using a gas meter
(Model AL425, American Meter, Horsham, PA), and continuous proportional samples of outgoing and incoming
air were diverted to collection bags (61 9 61 cm, 44 L;
PMC, Oak Park, IL) using glass tube rotameters (Model
1350E Sho-Rate “50,” Brooks Instruments, Hatfield, PA).
Then, the collected gas samples were analysed to determine
their composition (Emerson X-stream 3-channel analyser,
Solon, OH) according to Nienaber and Maddy (1985) and
corrected for pressure and temperature within the box.
Sampling of ruminal fluid for pH and ammonia
measurements
Ruminal fluid samples were collected every 4 h on day 22
to 25 of each experimental period using a new palpation
sleeve for each cow as an approach to minimize cross
contamination among cows. To do so, grab samples were
taken from the caudal ventral sac, cranial ventral sac, and
two samples from the ruminal digesta mat in the dorsal
rumen of each cow, and rumen contents were strained
through four layers of cheesecloth. The pH was then
measured and 40 ml of the strained fluid was placed in a
45-ml vial and immediately frozen at 20°C for later
analysis of ammonia-N.
Collection time of ruminal fluid samples was advanced
1 h in subsequent collection day, so that every 60-min
interval in a 24-h period was represented (six samples per
cow per day and a total of 24 samples per cow per period; Castillo-Lopez et al. 2014b). Specifically, samples
were collected on day 22 at 0100, 0500, 0900, 1300, 1700
and 2100; day 23 at 0200, 0600, 1000, 1400, 1800 and
2200; day 24 at 0300, 0700, 1100, 1500, 1900 and 2300;
and day 25 at 0400, 0800, 1200, 1600, 2000 and 2400.
Sampling of whole ruminal contents for microbial
community analysis
Samples of nonstrained ruminal contents, which included
the solid and liquid fraction were collected for bacterial
community analysis. For this procedure, grab samples
were taken from the caudal ventral sac, cranial ventral
sac, and two samples from the ruminal digesta mat in the
dorsal rumen of each cow at 0900, 1300 and 2300 on day
1384
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26 of each experimental period. At each time point, the
samples collected from the rumen of the same cow were
composited, and a 40-g subsample was collected and
placed in a sterile 50-ml conical tube and immediately
snap frozen in liquid nitrogen. Thus, a total of 48 composited ruminal digesta content samples were collected
during the experiment, which were used for microbial
community analysis (four cows 9 four experimental
periods 9 three sampling time points per period).
Microbial DNA extraction and library preparation for
microbial community analysis
To evaluate the diversity of ruminal bacterial community
composition, the composited ruminal content samples
were homogenized using a flame-sterilized spatula, and
DNA was extracted and purified utilizing the MoBio
PowerMag Soil DNA Isolation Kit (Mo Bio Laboratories,
Carlsbad, CA) according to manufactures instructions.
The quality of extracted DNA was verified by gel electrophoresis using a 1% agarose gel.
The concentration of DNA in each sample was measured using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Inc. Wilmington, DE). Subsequently, the V4 hypervariable region of the 16S rRNA
gene from the microbial communities was amplified as
described previously (Kozich et al. 2013). The PCR reactions were performed in 20 ll volumes and contained 05
Units of Terra DNA polymerase (Clontech Laboratories,
Mountain view, CA), 200 nmol l1 of each primer, 50 ng
of nucleic acid template or nontemplate control and 1X
Terra PCR buffer. The cycling conditions included an initial denaturation at 98°C for 3 min, followed 25 cycles at
98°C for 30 s, 55°C for 30 s and 68°C for 45 s; and a
final extension at 68°C for 4 min (Paz et al. 2016). The
resulting amplicons from targeted region have been
shown to be effective for describing the bacterial communities (Kozich et al. 2013; Danielsson et al. 2017). The
quality of the amplified DNA was verified by resolving
on a 15% agarose gel. Amplicons from each sample were
normalized using the Sequal Prep normalization Plate (96)
kit and the epMotion M5073 automated system (Eppendorf, Hauppauge, NY) and they were pooled. The resulting pooled library was sequenced on the Illumina MiSeq
platform using 250 bp paired end sequencing using the
MiSeq 500 cycle V2 kit as described by the manufacturer.
Bioinformatic analysis of the bacterial community
The sequenced reads were analysed using published
bioinformatics pipelines QIIME (qiime.org; Caporaso
et al. 2010) and MOTHUR (Schloss et al. 2009). Briefly, the
forward and reverse reads were assembled to create a
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contig read. The assembled sequences were then trimmed
and analysed as described by Paz et al. (2016). The
reads used for downstream analysis are deposited in the
NCBI Sequence Read Archive (SRA) at https://www.ncb
i.nlm.nih.gov/sra (accession # SRR5123529). Briefly, the
size-trimmed high-quality sequences were assigned to
operational taxonomic units (OTU) using UPARSE
pipeline (drive5.com/uparse/; Edgar et al. 2011) after
chimera removal using UCHIME (Edgar et al. 2011).
Sequences from each OTU were then subjected to taxonomic classification using the latest ver. of the Greengenes taxonomy database (gg_13_5_otus) (Wang et al.
2007). Then, based on the taxonomy information, any
sequences associated with chloroplasts/Cyanobacteria
(from plant origin, and thus, most likely from feed)
were filtered and discarded. Then, sequences were
aligned to the microbial 16S rRNA gene using the
SILVA aligner tool (http://www.mothur.org/w/images/
2/27/Silva.nr_v119.tgz); and those sequences that did
not align with the target V4 hypervariable region were
filtered, thus removing OTU sequences that did not
align within the expected region. The resulting OTU
table was then used for downstream analysis.
A Venn diagram was constructed to illustrate the distribution and OTU relationship among treatments. To do
so, the venn function in the gplots package of R was used
(Warnes et al. 2015). In addition, the OTU table was
used to estimate sample richness (phylogenetic diversity
whole tree, chao1 and observed species) and diversity
index (Shannon), and rarefaction curves were calculated
for the overall bacterial community using QIIME (qiime.org; Caporaso et al. 2010). Good’s coverage test was
performed to evaluate if adequate sampling depth was
achieved. Subsequently, principal coordinate analysis
plots for beta diversity based on sequence similarity were
generated with QIIME.
A core ruminal microbiome, which was defined as
those OTUs present in all animals, was calculated. From
the core microbiome, taxa were summarized and plots
were generated at the taxonomic levels of Phylum, Class,
Order Family and Genus, with emphasis on representative OTUs that represented at least 01% of the microbial
community at a given sample. To minimize animal to
animal variation and to represent the shared OTUs
within each diet, the core microbiome was analysed,
which allows identification of the microbial community
influenced by the treatment sorting through animal to
animal variation. The hypothesis is that, if the treatment
affects the microbial community, this effect should be
present across multiple animals on the same treatment.
Therefore, the core microbiome allows identification of
the effects that might otherwise be hidden in the data
(Benson et al. 2010; Castillo-Lopez et al. 2014a).
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Statistical analysis
Data collected on ruminal fermentation and methane
emissions were analysed according to a 4 9 4 Latin
square using the MIXED procedure of SAS (ver. 9.1; SAS
Institute Inc., Cary, NC, USA). Fixed effects included the
treatment and period, with cow as the random effect.
The statistical model for this experiment was as follows:
Yijk ¼ l þ bi þ qj þ ak þ eijk ;
where Yijk represents observation ijk; l represents the
overall mean; bi represents the random effect of cow i; qj
represents the fixed effect of period j; and ak represents the
fixed effect of treatment k. The residual term eijk was
assumed to be normally, independently, and identically
distributed, with variance re2. In addition, data collected
for Good’s coverage, sample richness (phylogenetic diversity, chao1 and observed species), sample diversity (Shannon) and relative abundance of the microbial taxa
Phylum, Family and Genus were compared with one-way
ANOVA using the MIXED procedure of SAS. The comparison of treatment means was conducted using the PDIFF
option in the LSMEANS statement. The Pearson correlation coefficients between predominant bacterial families
and DMI and methane production were calculated using
SAS. Repeated measurements of rumen ammonia, ruminal
pH and microbial abundance for samples collected at several time points were analysed by including a REPEATED
model statement. Using the CONTRAST statement of
SAS, CONT was compared to DG + rfDG + MIX, and
DG was compared to rfDG.
In addition, the bacterial community composition differences were evaluated using the unweighted UniFrac
distance matrix as an input for a permutational multivariate analysis of variance (PERMANOVA) in R using
the vegan package (Adonis function) (Oksanen et al.
2015), where treatment was used as main effect. Treatment means are presented as least squares means. The
largest standard error of the mean (SEM) is reported.
Statistical significance was declared when P ≤ 005 and
tendency was discussed if P > 005 and ≤ 010.
Results
Feed chemical composition, DMI and milk yield
The ingredient and chemical composition of experimental
treatments fed in this study are listed in Table 1. The
inclusion of conventional DDGS or RFDG in the diets
increased the concentration of neutral detergent fibre,
crude fat and sulphur, with only a slight increment in
crude protein; while decreasing the concentration of
starch compared to CONT. Total DMI (Table 2) was
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Table 2 Effects of feeding conventional dried distillers grains with solubles or reduced-fat dried distillers grains with solubles on dry matter intake
(DMI), ruminal pH, ruminal ammonia, CO2 and methane emissions for lactating Holstein cows
Treatment

P-Value†

Item

CONT

DG

rfDG

MIX

SEM*

TRT

DG

RF

DMI, kg per day
Rumen pH
Ammonia, mg dl1
CO2 emission, l per day
Methane emission, l per day
Methane emission, l kg1 DMI

227
577
1304
41514
4266
192

273
581
1118
44878
4566
167

248
584
1130
44481
4380
179

264
572
1179
44621
4543
173

157
0078
0966
19174
2062
122

005
006
<001
052
069
019

002
062
<001
016
035
006

010
042
081
087
053
028

CONT: a diet containing no distillers grains; DG: inclusion of 20% conventional dried distilllers grains with solubles (DDGS); rfDG: inclusion of
20% reduced-fat dried distillers grains with solubles (RFDG); MIX: inclusion of 10% DDGS and 10% RFDG (Poet nutrition, Sioux Falls City South
Dakota).
*The largest standard error of the mean is shown.
†P-values for TRT: overall treatment effect; DG: CONT vs DG + rfDG + MIX; RF: DG vs rfDG.

affected (P < 001) by the inclusion of distillers grains
with solubles compared to CONT. Specifically, on average, DMI was 41 kg greater for animals consuming treatments containing distillers grains with solubles compared
to CONT. In addition, 35% fat-corrected milk yield
(P < 001) was 300 and 361  237 kg for CONT and
diets containing distillers grains, respectively.
Ruminal pH, ruminal ammonia and ruminal
methanogenesis
Treatment tended to have an effect on ruminal pH
(P = 006); however, when CONT was compared with
treatments containing distillers grains with solubles,
ruminal pH was not different (P = 062) with an overall
average of 578  0078 across treatments (Table 2). The
concentration of ruminal ammonia was greater
(P < 001) for CONT compared to treatments containing
distillers grains with solubles with values of 1304 and
1142  0966 mg dl1, respectively. Ruminal enteric
methane production was not affected (P = 069) when
cows consumed diets containing distillers grains with solubles compared to CONT with an average of
4438  2060 l per day across treatments. However,
methane produced per unit of DMI tended (P = 006) to
decrease for cows consuming distillers grains with solubles, with estimates of 192 and 173  122 l kg1
DMI for CONT and treatments containing distillers
grains, respectively (Table 2).
Microbial community composition, richness, diversity
and distribution
A total of 5 263 141 DNA sequences were obtained from
the 48 composited ruminal digesta samples, averaging
1 09 648 sequences per sample. Collectively, 4 083 327
1386

high-quality DNA sequences were obtained after quality
filtering and chimera removal, and were used for downstream analysis. The Good’s coverage test showed that
sequencing depth was able to characterize >98% of the
bacterial community. Sample richness estimates were not
affected by treatment, as revealed by phylogenetic diversity (P = 019), Chao1 (P = 017) and observed species
(P = 019), respectively (Table S2). In addition, the Shannon diversity index tended to be lower (P = 007) for
CONT compared to those treatments containing distillers
grains with solubles.
Bacterial community analysis using the unweighted
UniFrac distance matrix for treatment effects using PERMANOVA did not display a significant (P = 056) effect
on bacterial community composition. In addition, the
Beta diversity for sequence similarities (Fig. 1) based on
principal coordinate analysis revealed no apparent clustering of microbial communities. This suggests that spatial sample heterogeneity was similar among treatments.
More specifically, the Venn diagram revealed that each
diet showed a number of unique OTUs; however, there
were 2 357 OTUs shared by all four diets (Fig. 2), representing 744% of the total OTUs detected.
Effect of diet on rumen microbial community structure
Phylogenetic analysis of the core microbial community
revealed the presence of 13 major bacterial phyla in the
ruminal microbiome (Table 3). Although global effect of
diet on the microbial community was not detected, significant shifts in the microbial community were detected at
phylum level. Specifically, the abundance of the bacterial
phylum Bacteroidetes was lower (P = 004) for treatments
containing distillers grains with solubles (5407  1028%)
compared to CONT (5655  1028%). However, the
abundance of the phylum Firmicutes (P = 006) tended to
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Figure 1 Beta-diversity plot illustrating the
distribution of bacterial DNA based on
sequence similarities for samples from the
rumen of dairy cattle. CONT: a diet with no
distillers grains; DG: inclusion of 20%
conventional dried distillers grains with
solubles (DDGS); rfDG: inclusion of 20%
reduced-fat dried distillers grains with
solubles (RFDG); MIX: inclusion of 10% DDGS
and 10% RFDG.
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Figure 2 Venn diagram of OTU’s relationship among treatments.
Each circle represents the treatment; numbers in circles or overlapping areas indicating the number of OTU’s in common to the corresponding treatments. CONT: a diet with no distillers grains; DG:
inclusion of 20% conventional dried distilllers grains with solubles
(DDGS); rfDG: inclusion of 20% reduced-fat dried distillers grains with
solubles (RFDG); MIX: inclusion of 10% DDGS and 10% RFDG.

increase for treatments containing distillers grains with solubles (3297  0783%) compared to CONT (3124  0
783%). Additionally, the abundance of TM7 tended to
increase (P = 009) and the abundance of Tenericutes
increased (P < 001) for treatments containing distillers
grains with solubles compared to CONT. No changes were
detected in the abundance of the phyla Spyrochaetes, Proteobacteria and Actinobacteria across treatments.

Interestingly, the ratio of Firmicutes-to-Bacteroidetes
increased when feeding distillers grains with solubles
(P = 005) with estimates of 055 and 061  0024 for
CONT and treatments containing distillers grains with solubles, respectively (Table 3). Only minor changes were
observed in the abundance of bacterial phyla found in
lower proportions in the rumen.
There were 177 bacterial families detected in all samples.
The most abundant are presented in Table 4. No treatment
effect was observed on the abundance of the major bacterial families Prevotellaceae (P = 051), Lachnospiraceae
(P = 067), Veillonellaceae (P = 069), Spirochaetaceae
(P = 045) and Paraprevotellaceae (P = 087). However,
treatment effects were observed in the abundance of a few
major bacterial families. Specifically, the abundance of
Ruminococcaceae increased (P = 003) with inclusion of
distillers grains with solubles. Contrasting this observation,
the abundance of the family BS11 decreased (P < 001)
when treatments containing distillers grains with solubles
were fed. Similarly, the abundance of an unclassified
RFP12 family (P = 002) and an unclassified RF16 family
(P = 001) were lower when treatments containing distillers grains with solubles were fed. Only minor variations
were observed in the abundance of the rest of bacterial
families.
Taxonomic classification of the core ruminal microbiome at the genus level revealed the presence of 317
major bacterial genera. Table 5 lists only the most abundant. No effect of diet was observed on the abundance of
Prevotella (P = 051), an unclassified Ruminacoccaceae
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Table 3 Effects of feeding conventional dried distillers grains with solubles or reduced-fat dried distillers grains with solubles on major ruminal
bacterial phyla for lactating Holstein cows
Treatment

P-value†

Phylum, % of total

CONT

DG

rfDG

MIX

SEM*

TRT

DG

RF

Bacteroidetes
Firmicutes
Spirochaetes
Tenericutes
TM7
Proteobacteria
Actinobacteria
Plantomycetes
SR1
Fibrobacteres
Verrucomicrobia
Chloroflexi
WPS-2
Other‡
Bacteroidetes/Firmicutes

5655
3124
321
119
219
034
013
061
053
055
030
018
003
071
056

5400
3296
302
230
255
030
014
080
062
045
029
019
000
076
061

5444
3275
295
230
247
045
011
071
065
045
027
015
002
077
063

5378
3320
305
226
250
040
015
054
051
067
026
015
000
064
062

1028
0783
0218
0128
0164
0096
0016
0092
0145
0073
0031
0028
0008
0046
0024

022
029
085
004
038
045
033
001
063
006
044
029
002
017
028

004
006
042
<001
009
058
049
023
052
076
018
039
<001
083
005

076
084
083
099
073
031
021
030
084
092
054
013
016
089
084

CONT: a diet with no distillers grains; DG: inclusion of 20% conventional dried distilllers grains with solubles (DDGS); rfDG: inclusion of 20%
reduced-fat dried distillers grains with solubles (RFDG); MIX: inclusion of 10% DDGS and 10% RFDG.
*The largest standard error of the mean is reported.
†P-values for TRT: overall treatment effect; DG: CONT vs DG + rfDG + MIX; RF: DG vs rfDG.
‡Correspond to bacterial taxa not listed or unclassified bacterial operational taxonomic units.

genus (P = 066), Succiniclasticum (P = 077), and
unclassified Lachnospiraceae genus (P = 035), Treponema
(P = 087) and Butyrivibrio (P = 074). However, treatment effects were observed in the abundance of some
major bacterial genera. For example, compared to
CONT, the abundance of an unclassified bacterial genus
belonging to Bacteroidales decreased (P = 005) when distillers grains with solubles were included in treatments.
In addition, the abundance of an unclassified genus
belonging to S24-7 decreased (P = 001) and the abundance of an unclassified genus corresponding to BS11
decreased (P = 001) when treatments containing distillers grains with solubles were fed. However, when
treatments included distillers grains with solubles, the
abundance of Ruminococcus tended (P = 006) to
increase, and the abundance of Bulleidia increased
(P < 001). Similar to our observations at the taxonomical levels of phylum and family, only minor variations
were observed on the abundance of bacterial genera
found in lower proportions.
Correlation analysis of the abundance of bacterial families with DMI and methane production (Table 6)
revealed that DMI was positively correlated (P ≤ 004)
with Prevotellaceae, Veillonellaceae and Acetobacteraceae;
however, it was negatively correlated (P < 005) with
Coriobacteriaceae, BS11, Anaerolinaceae, Mogibacteriaceae
and RFP12. Methane emission was positively correlated
with Prevotellaceae (P = 002), but was negatively
1388

correlated (P < 005) with BS11, Christensenellaceae and
Succinivibrionaceae.
Discussion
The effect of feeding DDGS (Klopfenstein et al. 2008) or
RFDG (Mjoun et al. 2010b; Castillo-Lopez et al. 2014b)
on milk production has been evaluated. However, there is
limited research on their effects on rumen methanogenesis and the broad rumen microbial community. The gut
microbiome influences physiology and metabolism, and
disruption of this community has been linked to
decreased performance and gastrointestinal problems
(Guiname and Cotter 2013; Ridaura et al. 2013). In
ruminants, gut microbes provide metabolizable protein
(NRC 2000), digest feed (McAllister et al. 1996) and produce methane (Hristov et al. 2013). Thus, understanding
the interaction of feeding distillers grains on methane
production and rumen bacterial community is important
to develop effective dietary intervention strategies for
methane mitigation while preventing detrimental effects
on nutrient utilization and animal productivity.
DMI, milk yield, ruminal ammonia and ruminal pH
Data collected are in agreement with previous reports
indicating that DDGS (Anderson et al. 2006; Janicek
et al. 2008) or RFDG (Mjoun et al. 2010a, 2010b;
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Table 4 Effects of feeding conventional dried distillers grains with solubles or reduced-fat dried distillers grains with solubles on major ruminal
bacterial families for lactating Holstein cows
Treatment

P-value†

Family, % of total

CONT

DG

rfDG

MIX

SEM*

TRT

DG

RF

Prevotellaceae
S24-7
Lachnospiraceae
Ruminococcaceae
Veillonellaceae
Spirochaetaceae
BS11
Paraprevotellaceae
F16
Erysipelotrichaceae
Mogibacteriaceae
Pirellulaceae
Fibrobacteraceae
Clostridiaceae
Coriobacteriaceae
RFP12
Christensenellaceae
Bifidobacteriaceae
Anaerolinaceae
RF16
Succinivibrionaceae
Bacteroidaceae
Anaeroplasmataceae
Desulfovibrionaceae
Other‡

2865
1058
712
760
613
319
322
220
236
126
058
060
055
053
010
030
025
022
018
016
010
015
018
003
2201

3020
885
715
868
549
300
220
230
265
138
060
080
045
050
010
027
022
006
019
010
006
015
015
002
2234

2881
891
720
836
639
295
243
225
260
133
059
071
045
055
010
025
024
004
015
010
010
017
015
010
2280

2985
1135
746
779
557
305
198
210
262
139
061
054
067
059
012
025
021
008
015
012
012
016
013
007
2134

1430
0585
0367
0454
0963
0218
0386
0151
0186
0084
0054
0092
0073
0044
0046
0028
0039
0102
0028
0017
0068
0028
0057
0032
0918

051
001
086
002
074
087
001
064
061
043
091
001
006
011
089
009
066
052
029
003
073
090
061
005
061

033
020
067
003
069
045
<001
087
019
014
060
023
076
055
045
002
048
014
039
001
084
070
028
021
087

077
093
092
020
035
085
045
077
083
055
075
030
092
023
068
023
046
085
013
051
044
053
097
001
068

CONT: a diet with no distillers grains; DG: inclusion of 20% conventional dried distilllers grains with solubles (DDGS); rfDG: inclusion of 20%
reduced-fat dried distillers grains with solubles (RFDG); MIX: inclusion of 10% DDGS and 10% RFDG.
*The largest standard error of the mean is reported.
†P-values for TRT: overall treatment effect; DG: CONT vs DG + rfDG + MIX; RF: DG vs rfDG.
‡Correpond to bacterial taxa not listed or unclassified bacterial operational taxonomic units.

Castillo-Lopez et al. 2014b) can effectively be included in
dairy rations and maintain or increase feed intake and
milk yield. However, increments observed were greater
than previous reports, which have shown an increase in
DMI (Janicek et al. 2008; Ramirez Ramirez et al. 2015)
or milk yield (Anderson et al. 2006; Janicek et al. 2008;
Paz et al. 2013) when cows are fed distillers grains. The
increment in DMI could reflect greater palatability of
diets; the exact reason for the increment in milk yield
remains still unknown, but could be partially explained
by an enhancement in total tract digestibility of some
nutrients when distillers grains are fed (Castillo-Lopez
et al. 2014b).
When dietary crude protein enters the rumen,
microbes attack the ruminally degradable protein (RDP)
generating ammonia. Part of the ammonia, is used for
microbial protein synthesis (Hristov and Ropp 2003). In
this study, despite the increase in dietary protein with
distillers grains inclusion, ruminal ammonia decreased.

Although, RDP and microbial protein were not measured, there may have been an improved efficiency in the
use of ammonia for microbial growth with distillers
grains inclusion, lowering the concentration of ammonia
in ruminal fluid. Ruminal pH measured in this study was
lower compared to previous reports in lactating cattle
being fed distillers grains using indwelling pH meters
(Castillo-Lopez et al. 2014b), this may be explained by
the fact that pH of particle associated ruminal fluid is
lower compared to pH of free ruminal fluid (Neubauer
et al. 2017).
The rumen bacterial community structure when feeding
DDGS and RFDG
Consistent with previous reports (Petri et al. 2012), predominant phyla observed in the rumen were Bacteroidetes
and Firmicutes, representing more than 85% of the bacterial community. The influence of diet on community
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Table 5 Effects of feeding conventional dried distillers grains with solubles or reduced-fat dried distillers grains with solubles on major ruminal
bacterial genera for lactating Holstein cows
Treatment

P-value†

Genera, % of total

CONT

DG

rfDG

MIX

SEM*

TRT

DG

RF

Prevotella
Unclassified bacteroidales
Unclassified S24_7
Unclassified Ruminacoccaceae
Succiniclasticum
Unclassified Lachnospiraceae
Treponema
Unclassified BS11
Butyrivibrio
Ruminococcus
CF231
YRC22
Coprococcus
p-75-a5
Fibrobacter
Moryella
Bulleidia
Clostridium
SHD-231
Mogibacterium
Other‡

2865
1157
1058
577
546
336
319
322
236
172
106
050
049
056
055
040
035
036
018
022
1614

3020
1018
885
600
490
319
300
220
262
255
120
055
045
055
045
045
048
035
019
023
1800

2881
1073
891
570
575
356
305
243
245
195
105
056
047
058
045
035
043
039
015
025
1888

2985
926
1135
602
500
340
295
198
261
217
104
054
055
056
067
045
049
040
015
027
1771

1430
0602
0585
0389
0948
0249
0218
0386
0197
0230
0078
0058
0065
0055
0073
0041
0027
0051
0028
0037
0577

051
005
001
066
077
035
087
001
074
008
037
062
039
097
006
007
001
030
029
061
005

033
003
020
060
075
089
045
<001
038
006
070
022
095
095
076
068
<001
044
039
037
<001

077
050
093
034
036
007
085
045
055
006
014
075
076
065
092
003
013
028
013
055
086

CONT: a diet with no distillers grains; DG: inclusion of 20% conventional dried distillers grains with solubles (DDGS); rfDG: inclusion of 20%
reduced-fat dried distillers grains with solubles (RFDG); MIX: inclusion of 10% DDGS and 10% RFDG.
*The largest standard error of the mean.
†P-values for TRT: overall treatment effect; DG: CONT vs DG + rfDG + MIX; RF: DG vs rfDG.
‡Correpond to bacterial taxa not listed or unclassified bacterial operational taxonomic units.

composition of ruminal contents has been recognized
(Fernando et al. 2010). In agreement with our observations, Callaway et al. (2010) and Ramirez Ramirez et al.
(2012) used DNA pyro-sequencing and found that feeding DDGS shifts the rumen community structure. However, contrasting our observations those authors reported
a decrease in the ratio Firmicutes-to-Bacteroidetes. The
discrepancies between these observations may be related
to the concentration of DDGS and chemical composition
of the diets and the available substrates for microbial
growth, and finally the region of the 16S rRNA gene
sequenced (V1–V3 vs V4). Callaway et al. (2010) and
Ramirez Ramirez et al. (2012) included greater concentrations of DDGS, 30 and 50% of DM respectively, and
there was greater variation in diet composition, namely
crude fat and starch. In this study, however, there were
minor variations in dietary substrates available for bacterial fermentation, which may have prevented drastic
changes in the abundance of most predominant bacterial
phyla.
Our findings from bacterial taxonomic analyses at the
family and genus levels are consistent with previous findings indicating that the ruminal microbiome is largely
1390

composed of the families Prevotellaceae, Lachnospiraceae
and Ruminococcaceae and the genera Prevotella, Succiniclasticum and Ruminocuccus (Zened et al. 2013).
Although a significant correlation does not necessarily
indicate a direct cause–effect relationship, the positive
association observed between the abundance of the family
Prevotellaceae and DMI may reflect the relevant role of
this family on nutrient digestion. Prevotellaceae, the largest bacterial family in the rumen, is composed of versatile species that can utilize a variety of nutrients,
including protein, starch, pectins and hemicellulose (Russell 2002). Thus, the abundance of Prevotellaceae may
have a direct relationship with feed degradation and
DMI. Other studies have also shown the predominance
of this bacterial family in the rumen of cattle fed foragebased diets supplemented with corn distillers grains
(Ramirez Ramirez et al. 2012; Castillo-Lopez et al.
2014a).
Although many families and genera remained unaffected when corn by-products were included in the diets,
it is interesting to note shifts in some of these taxa. For
example, the increase in the abundance of Ruminococcus,
a fibre digesting bacterial genus, may be due to the
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Table 6 Correlation coefficients between the abundance of bacterial
families in the rumen and DMI and methane emission for Holstein
dairy cattle fed treatments* including distillers grains
DMI or methane
emission
DMI, kg

Methane
emission,
l per day

Bacterial family

Correlation
coefficient (r)

P-value

Coriobacteriaceae
BS11
Prevotellaceae
Anaerolinaceae
Veillonellaceae
Mogibacteriaceae
Acetobacteraceae
RFP12
BS11
Prevotellaceae
Christensenellaceae
Succinivibrionaceae

0299
0541
0288
0298
0283
0349
0294
0352
0489
0319
0373
0284

003
<001
004
003
005
001
004
001
<001
002
<001
004

*CONT: a diet with no distillers grains; DG: inclusion of 20% conventional dried distilllers grains with solubles (DDGS); rfDG: inclusion of
20% reduced-fat dried distillers grains with solubles (RFDG); MIX:
inclusion of 10% DDGS and 10% RFDG.

increase in dietary neutral detergent fibre with distillers
grains inclusion, providing additional substrate for
microbial proliferation. Bacteria belonging to BS11 are
usually favoured by low-starch diets (Zened et al. 2013;
De Nardi et al. 2016), despite the decrease in dietary
starch with distillers grains inclusion, the abundance of
BS11 decreased. This is possibly due to sensitivity of this
bacterial family to dietary fat (van Lingen et al. 2017).
Distillers grains, ruminal methanogenesis and
association with bacterial taxa
A reduction in ruminal methanogenesis has been
reported when distillers grains with solubles are fed to
lactating dairy cattle (Benchaar et al. 2013; Foth et al.
2015) or beef heifers (H€
unerberg et al. 2013). In addition,
Birkelo et al. (2004) reported a 14% decrease in methane
energy loss when cows were fed 31% wet corn distillers
grains with solubles. In this study, no change in total
methane emission was found; however, when methane
production was expressed on the basis of DMI, animals
fed distillers grains with solubles produced less methane.
Therefore, these data suggest that when feeding distillers
grains with solubles to dairy cows, dietary energy lost
through methane emissions as a proportion of feed cost
may be reduced, improving farm profitability. Ruminal
methanogens generate methane by utilizing carbon dioxide and hydrogen (Danielsson et al. 2017). Thus, methods to decrease enteric methane formation may include
direct mitigation of methanogens or decreasing the
availability of hydrogen in the rumen. For example,

Khiaosa-ard et al. (2015) reported that fortification of
DDGS with grape seed meal decreased methane emission,
and they concluded that methane mitigation was due to
the decreased numbers of Ruminococcus flavefaciens, total
fungi and total protozoa. They also indicated that the
inhibition of those microbes was likely caused by dietary
tannins contained in the grape seed meal, which limited
hydrogen supply for methane formation.
Dietary fat may affect methane emissions by affecting
the growth of microbes contributing to methanogenesis
(Martin et al. 2008; Yang et al. 2009). Benchaar et al.
(2013) reported that, on average, a 1% increase in dietary fat decreased methane production by 05 g kg1
DMI. In addition, Hales et al. (2017) reported a linear
decrease in methane production with an increase of
dietary corn oil in high-concentrate finishing diets containing from 30 to 87% dietary fat, and they suggested
that this reduction was likely due to ruminal fatty acid
biohydrogenation, which sequestered part of the hydrogen in the rumen. In this study, the increase in dietary
fat between 05 and 12% tended to lower methane
emission when expressed per unit of feed intake. The
lack of an effect of dietary fat on total methane emission
may have been due to the smaller increase in dietary fat
compared to Hales et al. (2017). Hales et al. (2013) fed
0, 15, 30 and 45% wet distillers grains and solubles and
found that methane production increased linearly as a
percent of gross energy intake in Jersey steers fed diets
containing between 59 and 83% dietary fat. This increment may be explained by the decrease in dietary starch
and the increase in NDF, which likely favoured acetate
production with subsequent hydrogen liberation (Philippeau et al. 2017).
Methane emissions usually increase with increasing
dietary fibre content (Johnson and Johnson 1995). Fibre
degradation in the rumen promotes acetate production,
which liberates hydrogen as a by-product; therefore,
enhancing methane generation (Van Soest 1994). This
indicates that a reduction in ruminal fibre degradability
may contribute to reduce methane emissions (Martin
et al. 2008; Beauchemin et al. 2009; Benchaar et al.
2013). In this study, the inclusion of distillers grains with
solubles in diets increased dietary fibre concentration,
with no impact on ruminal methanogenesis. Although
volatile fatty acids were not measured, results indicate a
positive correlation between total methane produced and
the abundance of the family Prevotellaceae. Prevotellaceae
is largely composed of organisms that can digest a variety
of substrates including hemicellulose and produce acetate
(Russell 2002). Therefore, a shift in the abundance of Prevotella may shift, in the same direction, hydrogen liberation in the rumen; thus, influencing methane production,
which could explain the observed positive correlation.
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In agreement with our observations, a negative correlation between methane emissions and the abundance
of Succinivibrionaceae has been reported (Wallace et al.
2015). Members of this family produce succinate, an
intermediate product in propionate production. Propionate formation is not associated with any hydrogen
production (Wallace et al. 2015; Danielsson et al. 2017);
rather, propionate production utilizes hydrogen, and is
considered a competitive pathway for methane formation (Moss et al. 2000; Ungerfeld 2015), which may
explain the negative correlation between Succinivibrionaceae abundance and the amount of methane emitted.
This observation is consistent with other reports indicating that an increase in propionate production in cattle fed high-concentrate diets is associated with lower
methane emission compared to cattle fed high-fibre
diets (Hristov et al. 2013). We still do not know the
potential underlying mechanisms for the negative association of some acetate- and butyrate-producing bacterial
taxa with methane formation, namely the families BS11
and Christensenellaceae (Ribeiro et al. 2017). BS11 is
composed of yet uncultured organisms that can degrade
hemicellulose and produce acetate and butyrate (Ribeiro
et al. 2017). Christensenellaceae has also been associated
with low body mass index and a reduction in adiposity
gain in nonruminants (Goodrich et al. 2014), suggesting
that this bacterial family may influence animal nutrient
metabolism. Further investigation on the activity and
role of members of these bacterial families in the
rumen of dairy cattle, and why their abundance was
negatively correlated with methane production is
warranted.
Methane production may also be affected by dietary
sulphur, sulphate can act as an alternative electron acceptor in the rumen given that the reduction of sulphate to
sulphide is thermodynamically more favourable than the
reduction of CO2 to methane (McAllister et al. 1996). In
this study, the inclusion of DDGS in rations increased
the concentration of sulphur. However, this increment
was not accompanied by a significant effect on total
methane emitted.
Overall, contrasting our hypothesis, no reduction in
total methane emissions was observed when distillers
grains with solubles were included in rations formulated
for lactating dairy cows. However, our results demonstrate that DDGS or RFDG may be used to replace corn
and soybean meal in dairy rations resulting in a reduction of ruminal methane emitted per unit of DMI. In
addition, the inclusion of DDGS or RFDG shifted the
abundance of some ruminal bacterial taxa, including an
increase in the genus Ruminoccocus; however, no detrimental effects were detected on the overall bacterial community structure. Furthermore, the abundance of
1392
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Prevotellaceae, the most predominant bacterial family in
the rumen was positively correlated with DMI and
methane emissions. However, a negative correlation was
found between methane emission and the abundance of
Succinivibrionaceae, a family that includes organisms that
produce succinate, an intermediate product in propionate. Predominant bacterial families associated with
methane emissions may influence the amount of hydrogen liberated in the rumen and the proportion of hydrogen utilized in metabolic pathways other than
methanogenesis, and thus, affecting methane formation.
Future research should consider the evaluation of the
archaeal community within the rumen in order to determine whether distillers grains shift the abundance of
methanogenic archaeal taxa, and if those changes are
associated with enteric methane production.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. Analysed chemical composition* (mean and
standard deviation) of feedstuffs used in diets containing
conventional dried distillers grains with solubles (DDGS)
or reduced-fat dried distillers grains with solubles
(RFDG) and fed to lactating dairy cows.
Table S2. Average of treatments for microbial richness
estimates and diversity index of ruminal contents of Holstein cows consuming conventional dried distillers grains
with solubles or reduced-fat dried distillers grains with
solubles.
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Table S1. Analyzed chemical composition* (mean and standard deviation) of feedstuffs used in diets containing conventional dried
distillers grains with solubles (DDGS) or reduced-fat dried distillers grains with solubles (RFDG) and fed to lactating dairy cows.
Alfalfa hay

Brome hay

Corn silage

FEED INGREDIENT
Control
High fat
concentrate concentrate

Low fat
concentrate

DDGS

RFDG†

88.1 ± 1.2

89.2 ± 0.8

44.4 ± 2.4

88.5 ± 0.3

88.7 ± 0.2

89.2 ± 0.2

89.2 ± 0.7

89.1 ± 0.5

16.6 ± 0.3

8.1 ± 0.1

8.1 ± 0.4

23.1 ± 0.7

24.2 ± 0.8

24.2 ± 0.8

28.0 ± 4.2

28.3 ± 3.7

45.5 ± 1.3
2.8 ± 0.5
1.5 ± 0.2
10.3 ± 0.1
1.19 ± 0.07
0.33 ± 0.02
0.23 ± 0.02
3.44 ± 0.36
0.23 ± 0.01

65.5 ± 0.8
1.3 ± 0.7
2.1 ± 0.4
10.0 ± 0.6
0.37 ± 0.04
0.25 ± 0.03
0.11 ± 0.01
2.29 ± 0.27
0.12 ± 0.00

41.8 ± 3.1
33.1 ± 2.6
3.2 ± 0.1
5.0 ± 0.2
0.25 ± 0.01
0.23 ± 0.02
0.18 ± 0.01
1.27 ± 0.08
0.12 ± 0.00

22.3 ± 3.5
33.4 ± 2.0
2.7 ± 0.4
9.1 ± 0.4
1.75 ± 0.16
0.66 ± 0.01
0.48 ± 0.05
1.32 ± 0.05
0.25 ± 0.00

30.4 ± 1.6
21.1 ± 2.7
5.3 ± 0.1
8.5 ± 0.9
1.50 ± 0.23
0.84 ± 0.07
0.52 ± 0.07
1.22 ± 0.06
0.35 ± 0.00

30.1 ± 0.7
21.0 ± 1.7
3.9 ± 0.2
9.6 ± 0.6
1.75 ± 0.32
0.83 ± 0.06
0.57 ± 0.03
1.34 ± 0.05
0.47 ± 0.01

31.2 ± 1.0
10.7 ± 5.4
7.2 ± 2.2
7.6 ± 2.8
0.89 ± 0.80
0.85 ± 0.01
0.48 ± 0.12
1.40 ± 0.23
0.47 ± 0.10

30.6 ± 2.3
12.0 ± 4.9
4.8 ± 1.2
7.2 ± 2.2
0.87 ± 0.82
0.79 ± 0.03
0.45 ± 0.10
1.26 ± 0.03
0.66 ± 0.19

Component
Dry matter
Crude
protein
Neutral
detergent
fiber
Starch
Crude fat
Ash
Calcium
Phosphorous
Magnesium
Potassium
Sulphur

*Analyzed by Cumberland Valley Analytical Services, Hagerstown, MD.
†RFDG, reduced-fat dried distillers grains with solubles (Poet nutrition, Sioux Falls City South Dakota).

Table S2. Average of treatments for microbial richness estimates and diversity index of ruminal contents of Holstein cows consuming
conventional dried distillers grains with solubles or reduced-fat dried distillers grains with solubles.
Item
Good’s coverage, %
Richness estimates
Phylogenetic diversity
Chao1
Observed species
Diversity index
Shannon

Treatment*
rfDG
98.3

CONT
98.3

DG
98.2

79.4
2338.9
2032.1

81.6
2394.8
2169.7

8.70

8.92

P-Value‡
DG
RF
0.21
0.58

MIX
98.3

SEM†
0.03

TRT
0.29

78.3
2346.7
2000.6

80.3
2386.2
2115.0

2.40
687.78
80.43

0.19
0.17
0.19

0.34
0.11
0.30

0.47
0.77
0.57

8.82

8.73

0.103

0.09

0.07

0.33

*CONT: a diet with no distillers grains; DGS: inclusion of 20% conventional dried distilllers grains with solubles (DDGS); rfDG:
inclusion of 20% reduced-fat dried distillers grains with solubles (RFDG); MIX: inclusion of 10% DDGS and 10% RFDG (Poet
nutrition, Sioux Falls City South Dakota).
†The largest standard error of the mean is shown.
‡P-values for TRT: overall treatment effect; DG: CONT vs. DG+rfDG+MIX; RF: DG vs. rfDG.

